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ABSTRACT Emerging evidence suggests that an ampli-
fiable protease cascade consisting of multiple aspartate-
specific cysteine proteases (ASCPs) is responsible for the
apoptotic changes observed in mammalian cells undergoing
programmed cell death. Here we describe the cloning of two
novel ASCPs from human Jurkat T-lymphocytes. Like other
ASCPs, the new proteases, named Mch4 and Mch5, are
derived from single chain proenzymes. However, their puta-
tive active sites contain a QACQG pentapeptide instead of the
QACRG present in all known ASCPs. Also, their N termini
contain FADD-like death effector domains, suggesting possi-
ble interaction with FADD. Expression ofMch4 in Escherichia
coli produced an active protease that, like other ASCPs, was
potently inhibited (Ki = 14 nM) by the tetrapeptide aldehyde
DEVD-CHO. Interestingly, both Mch4 and the serine protease
granzyme B cleave recombinant proCPP32 and proMch3 at a
conserved IXXD-S sequence to produce the large and small
subunits of the active proteases. Granzyme B also cleaves
proMch4 at a homologous IXXD-A processing sequence to
produce mature Mch4. These observations suggest that
CPP32 and Mch3 are targets of mature Mch4 protease in
apoptotic cells. The presence of the FADD-like domains in
Mch4 and Mch5 suggests a role for these proteases in the
Fas-apoptotic pathway. In addition, these proteases could
participate in the granzyme B apoptotic pathway.

Apoptosis is a fundamental biochemical cell-death pathway es-
sential for normal tissue homeostasis, cellular differentiation, and
development within a multicellular organism (for review, see refs.
1-3). Members of the growing family of aspartate-specific cys-
teine proteases (ASCPs) that include mammalian interleukin 13
converting enzyme (ICE) (4,5), Nedd2 (ICH-1) (6,7), CPP32 (8),
Mch2 (9), Mch3 (10), TX (ICH-2, ICErel-II) (11-13), and
ICErel-Ill (13) have been implicated as mediators of all apoptotic
cell death (for review, see ref. 14).

Cytotoxic T lymphocytes (CTL) induce apoptosis in their
target cells possibly by activating members of the ASCP family
(15). This hypothesis was supported by the observation that
granzyme B, the CTL granule aspartate-specific serine protease,
can cleave CPP32 (16). Recent observations suggested that the
Fas-interacting protein FADD/MORT1 (17, 18) might also be
connected to ASCP activation (19). Here we report the identi-
fication and cloning of two novel ASCP family members, which
are named Mch4 and Mch5. Mch4 and Mch5 are unique in having
an R to Q substitution in the QACRG pentapeptide active site
motif conserved in all members ofthe ASCP family. We show that
recombinant Mch4 is capable of processing the CPP32 and Mch3
proenzymes. We demonstrate that granzyme B cleaves CPP32,
Mch3, and the newly identified Mch4 at an IXXD site conserved

in all three proteins. Both Mch4 and Mch5 contain N-terminal
FADD-like domains, suggesting that these ASCPs might be
components of the Fas-apoptotic pathway.

MATERIALS AND METHODS
Cloning of Human Mch4 and Mch5. Mch4 was cloned from

human Jurkat A Uni-ZAP XR cDNA library (Stratagene) (8).
The primary PCR product obtained with the degenerate
primers encoding the pentapeptide GSWFI/GSWYI and T3
vector-specific primer (9, 10) was used as a template for a
secondary PCR amplification with primer T96-prl (TCAGC-
CTCGGCAGGAATAC) derived from GenBank accession
no. T96912 and a second vector-specific primer SK-Zap
(CAGGAATTCGGCACGAG) located downstream of the T3
primer. The products were cloned and then used as probes to
screen the original Jurkat cDNA library. Positive A clones were
purified, rescued into the pBluescript II SK- plasmid vector,
and sequenced. While searching the GenBank database of
human expressed sequence tags (ESTs) for sequences similar
to Mch4, a 449-bp EST sequence (GenBank accession no.
N42544) with a 64% identity to Mch4 was identified. Using
PCR primers derived from the EST sequence (Mch5-prl,
GACAGAGCGAGATTCTGT; Mch5-pr2, GCACCAT-
CAATCAGAAGG) and the vector-specific primers T3 and
SK-zap, a cDNA (- 1.9 kb) corresponding to this gene was
amplified with PCR from the Jurkat cDNA library and cloned
in KS-vector. This cDNA was sequenced and its gene product
was named Mch5.

Northern Blot Analysis. Tissue distribution analysis of Mch4
mRNA was performed on Northern blots (Clontech) using
Mch4 cDNA as a probe as described previously (10).
Chromosomal Mapping oftheMch4 Gene.A panel ofDNAs

from rodent-human somatic cell hybrids was screened by PCR
with Mch4 specific primers t96-prl and t96-pr5 (CGG-
GAGATCATGTCTCAC). These primers were also used to
screen by PCR the CEPH A and B yeast artificial chromosome
libraries. A nonchimeric yeast artificial chromosome clone
positive for Mch4 was used in fluorescence in situ hybridization
analysis to probe normal human lymphocyte metaphases to
sublocalize the Mch4 gene.

Expression of Mch4 in Bacteria and Assay of Enzyme
Activity. Mch4 cDNA lacking the two N-terminal FADD-like
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domains (amino acids 1-193) was subcloned in-frame into the
BamHI/XhoI sites of the bacterial expression vector pGEX-
5X-3 (Pharmacia). Bacterial extracts were prepared and as-
sayed as described (9, 10). The active GST-Mch4 enzyme
(GST, glutathione S-tranferase) was purified from the bacte-
rial extracts on glutathione-Sepharose and used for the gel
cleavage assays as described below.

Purification of Granzyme B. Granzyme B was purified by
immunopurification from human natural killer cell lysates
using granzyme B-specific monoclonal antibody and assayed as
described (20, 21).

Mutagenesis, in Vitro Transcription/Translation, and Cleav-
age Assays. Potential aspartate processing sites between the two
subunits of ASCPs were mutated to alanine (CPP32 and Mch3)
or glycine (Mch4) by site-directed mutagenesis using overlapping
PCR mutagenic oligonucleotides. The resulting PCR products
were subcloned in pBluescript II KS' vector under the T7
promoter and their sequences were verified by sequence analysis.
Wild-type and mutated cDNAs were in vitro transcribed and
translated in the presence of [35S]methionine using Promega's
coupled transcription/translation TNT kit according to the man-
ufacturer's recommendations. Two microliters of the translation
reactions were incubated with purified enzymes (100-200 ng) or
with bacterial lysates expressing recombinant ASCPs in ICE-
buffer, in a final volume of 10 ,ul. The reaction was incubated at
37°C for 1 hr and then analyzed by Tricine-SDS/PAGE and
autoradiography.

RESULTS
Cloning of Mch4 and Mch5. A search of the GenBank data

base ESTs for sequences related to CPP32 and Mch2 identified
a short EST sequence (accession no. T96912). Based on this
information, a 3.6-kb cDNA was cloned from human Jurkat
T-lymphocyte cDNA library using a similar methodology as
described (9, 10). This cDNA contains an open reading frame
of 1437 bp that encodes a 479-amino acid protein, named
Mch4, with a predicted molecular mass of -55 kDa (Fig. 1A).
The size of the Mch4 mRNA (-4 kb, see Fig. 2) and the
presence of an in-frame stop codon 12 bp upstream from the
initiator methionine indicates that the cloned Mch4 cDNA
contains the full-length coding region. A search of the Gen-
Bank data base resulted in the identification of an EST
(accession no. N42544) sequence with extensive homology to
Mch4. This cDNA was cloned by PCR from the Jurkat cDNA
library and sequenced. The new cDNA encodes a 496-amino
acid protein, named Mch5, that is more related to Mch4 than
to any other ASCP (Fig. 1).
Mch4 and Mch5 are Aspartate-Specific Cysteine Proteases of

the Apoptotic CED-3 Subfamily. Previously identified ASCPs can
be divided phylogentically into three subfamilies: (i) the Ced-3-
like ASCP subfamily includes Ced-3, CPP32, Mch2, and Mch3
(8-10, 22); (ii) the ICE-like ASCP subfamily includes ICE,
TX(ICH2, ICErel-II), and ICErellll (8-10, 22); (iii) the NEDD-
like subfamily includes ICH-1 and its mouse counterpart NEDD2
(6, 7). Mch4 and Mch5 belong to the Ced-3-like subfamily of
ASCPs (Fig. 1B). Excluding the prodomain, Mch4 and Mch5 are
equally related to Ced-3 (-32% identity, 54% similarity). Mch4
is more related to Mch2 and Mch3 (-38-40% identity, 56-58%
similarity) than to CPP32 (-35% identity, 57% similarity). On
the other hand, Mch5 is equally related to CPP32, Mch2, and
Mch3 (-39-40% identity, 60-62% similarity). Mch4 and Mch5
are highly homologous to each other, with an overall -52%
identity (67% similarity) at the primary amino acid sequence
level, excluding the prodomain. The homology between the two
proteins is highest within the small subunit region. A similar
relationship was observed with other family members such as
CPP32/Mch3 and ICE/TX. Like CPP32 and Mch3 (10), it is
possible that Mch4 and Mch5 could heterodimerize with each
other to form functional protease heterocomplexes. As with other
known members of the family, expression of Mch4 in a heterol-
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FIG. 1. Predicted amino acid sequences of proMch4 and proMch5
and their homology to other ASCP sequences. (A) Colinear alignment of
proMch4 and proMch5 proteins. Dotted lines indicate gaps in the
sequence to allow optimal alignment. Two FADD-like domains in
proMch4 and proMch5 are boxed. The first domain (shaded) has the
highest homology to the N-terminal 79 amino acid longFADD (GenBank
accession no. U24231) death effector domain (37% identity, 57% simi-
larity) than the second domain (22% identity, 53% similarity). First
domain also shows high homology to PEA-15 (GenBank accession no.

X86694) and KIAA0179 (GenBank accession no. D80001) proteins.
Second domain shows some homology to SRB7 (GenBank accession no.

U46837) and yeast cdc4 (GenBank accession no. Z46255) proteins. Active
site QACQG is underlined. *, Asp-cleavage sites. Amino acid residues are
numbered to the right of each sequence. (B) Multiple sequence alignment
of all known human ASCPs and the nematode Ced-3 ASCP. The active
site pentapeptide QACRG/QACQG is boxed. Based on crystal structure
of ICE, the numbered residues within the ICE sequence are involved in
catalysis (CI), and binding the substrate-carboxylate of P1 Asp (0). A, The
residues adjacent to the substrate P2-P4 amino acids. D/X indicates
known and potential processing sites between the small and large subunits
of ASCPs. The three ASCP-subfamilies are as follows: I, the Ced-like
subfamily; II, the ICE-like subfamily, and III, the Nedd2/Ich-1 subfamily.
*, The nonconservative Arg to Gln substitution in Mch4 and Mch5.

ogous system such as Sf9 insect cells resulted in apoptosis (data
not shown).

Like other ASCPs, mature Mch4 and Mch5 proteases are

made of two subunits, derived from single polypeptide proen-
zymes (proMch4 and proMch5) by cleavage at highly con-

served Asp residues (Asp372 in Mch4 and Asp391 in Mch5)
located between the large and small subunits (Fig. 1B).
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ProMch4 and proMch5 could also be processed further to
remove the propeptide domains. Several potential aspartate
cleavage sites are present in their prodomains (Fig. 1A). They
are also unique in that their active site pentapeptide
(QACQG) contains an Arg to Gln nonconservative substitu-
tion. This active site motif thus identifies a new subfamily of the
ASCPs. In addition, their N termini contain FADD-like death
effector domains, suggesting a role in Fas-mediated apoptosis.

Tissue Distribution of Mch4 and Chromosomal Localiza-
tion of its Gene. Fig. 2 shows that Mch4 message (-4 kb) is
detectable in most tissues examined. Lowest expression is seen
in whole brain, kidney, prostate, testis, and colon. Higher
molecular mass mRNA species can also be seen in some tissues
(i.e., skeletal muscle), and could represent unprocessed Mch4
mRNA or a related family member.
Mch4 was assigned to chromosome 2pl2-qter using somatic

cell hybrid analysis. Fluorescence in situ hybridization analysis
further refined the localization of Mch4 gene to chromosome
2q33-34 (Fig. 3). This places the Mch4 gene within a 4
centimorgan region flanked by markers D2S374 (centromeric)
and D2S346 (telomeric) (23).

Kinetic Parameters of Mch4. The peptide substrates
DEVD-AMC and YVAD-AMC, which represent the poly-
(ADP-ribose) polymerase (PARP) and IL-1X3 cleavage sites,
respectively, were used in these assays (Table 1). The Km values
of Mch4 for these two substrates are similar. These values
contrast with those for CPP32, where the Km for the YVAD-
AMC substrate is >35-fold higher than the Km for the DEVD-
AMC substrate (10). These kinetic differences are further
illustrated by the ratio of Vmax/Km for the two substrates;
CPP32 possesses a >500-fold higher specificity for DEVD-
AMC substrate compared with Mch4 (ratios of 9200 and 18,
respectively). However, like CPP32 and Mch3a (10), Mch4 is
potently inhibited by the DEVD-CHO (24) (KiMch4 = 14 nM).
Granzyme B Activates Multiple Members of the Mamma-

lian CED-3 Subfamily. Recently, granzyme B was shown to
cleave proCPP32 to generate a =20 kDa cleavage product
presumed to be the large subunit of CPP32 (16). This cleavage
was suggested to occur at the processing sequence IETD-S
between the two subunits of CPP32, but no direct evidence was
presented. The potential processing sequences between the
two subunits of Mch3 and Mch4 are similar to that of CPP32
(Fig. 1B). These sequences contain identical P1 (CPP32-D175,
Mch3-D198, and Mch4-D372) and P4 (CPP32-1172, Mch3-
1195, and Mch4-1369) residues in all three proenzymes and a

conserved P3 residue (CPP32-E173, Mch3-Q197, and Mch4-
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FIG. 2. Tissue distribution of human Mch4 mRNA. Northern blot

analysis of human tissue poly(A)+ RNA (2 jig per lane) using the
full-length Mch4 as a probe. Molecular mass markers in Kb are shown
on the left.
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FIG. 3. Chromosomal localization of Mch4 gene. (A) Idiogram of
chromosome 2 showing the position of the Mch4 gene marked by a

vertical line to the right of the idiogram. (B) Propidium iodide image
of fluorescence in situ hybridization analysis on normal lymphocyte
metaphases with Mch4 positive yeast artificial chromosome clone
828E8. Arrows mark chromosome 2 where hybridization signals are

visible at 2q33-34.

E370). To determine whether granzyme B can cleave these
proenzymes at the proposed processing sites, mutant proen-
zymes with a P1 D to A substitution (in CPP32 and Mch3) or

a D to G (in Mch4) were generated. Parental and mutant
proenzymes were in vitro translated in the presence of [35S]me-
thionine, incubated with purified granzyme B and then ana-

lyzed by SDS/PAGE and autoradiography. As shown in Fig.
4A, in vitro translation of wild-type (lane 1) or Aspl75-mutated
(lanes 2 and 3) CPP32 proenzymes generated identical pattern
of translation products. The major translation product corre-

sponding to full-length proCPP32 migrates as a 32-33 kDa
band. The two minor -29 and -27 kDa bands are most likely
internal translation products starting with Met27 and Met39,
respectively. Incubation of these translation products with
granzyme B resulted in cleavage of the wild-type proCPP32 at
Aspl75 (lane 5) to generate the two subunits of active CPP32.
The small C-terminal subunit migrates as a single =12-kDa
band and the large N-terminal subunit migrates as three bands
(=20, =19, and =17 kDa). The faint =20 kDa band is most
likely a cleavage product of the full-length proCPP32. How-

Table 1. Kinetic parameters of Mch4
- Parameter Value

Km (DEVD-AMC) 130 ,tM
Km (YVAD-AMC) 150 ,tM
Ki (DEVD-CHO) 14 nM
Vmax/Km (DEVD-AMC) 18

The activity of recombinant Mch4 was measured using bacterial
lysates prepared with ICE buffer (25 mM Hepes/1 mM EDTA/5 mM
dithiothreitol/0.1% CHAPS/10% sucrose, pH 7.5) at room temper-
ature. The Ki values were determined from the hydrolysis rate of 50
,uM DEVD-AMC after a 30-min preincubation of the enzyme with
inhibitor (DEVD-CHO).

Proc. Natl. Acad. Sci. USA 93 (1996)
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FIG. 4. Cleavage of CPP32 proenzyme by Mch4 and granzyme B. Effect of Aspl75 mutation (A) or Asp9 mutation and the DEVD-CHO
inhibitor (B) on cleavage of of proCPP32. 35S-labeled wild-type proCPP32 (WT lanes), Aspl75-mutated proCPP32 (Ml lanes), or Asp9-mutated
(M2 lanes) were incubated with purified recombinant Mch4 (Mch4, + lanes), purified granzyme B (GraB, + lanes), or buffer (Mch4 and GraB,
- lanes) in the presence (+ lanes) or absence (- lanes) of the DEVD-CHO (0.4 ,uM) inhibitor for 1 hr at 37°C. The reaction products were then
analyzed by SDS/PAGE and autoradiography. (C) Diagram illustrating the three-step mechanism of activation/processing of CPP32 by granzyme
B and Mch4. Subt, substrate; SS, the small subunit; LS, the large subunit.

ever, the high intensity of the - 19-kDa band suggests that it
is produced from the -20-kDa band by further processing of
the prodomain. This is supported by the observation that
cleavage of proCPP32 by granzyme B in the presence of a

potent CPP32 peptide inhibitor, DEVD-CHO, generated the
-20-kDa band, which was not further processed to the '19-
kDa band (Fig. 4B, lane 8). Further processing of the '20-kDa
band to the -19-kDa band was only observed in the absence
of the peptide inhibitor DEVD-CHO (Fig. 4A, lane 5 and Fig.
4B, lane 9). Thus, additional processing of the prodomain is
most likely due to the autocatalytic activity of the granzyme
B-activated CPP32. No cleavage was observed with the buffer
control or the Aspl75-mutated CPP32 (Fig. 4A, lanes 1 and 2,
respectively). There was also no cleavage at the prodomain of
the Aspl75-mutated CPP32 (Fig. 4A, lane 2 and Fig. 4B, lane
3), supporting our earlier conclusion that cleavage of the
prodomain is an autocatalytic activity of activated CPP32. The
17-kDa band is a cleavage product of one of the smaller

internally translated products, most likely the 29-kDa band.
The observed autocatalytic processing within the prodomain of

CPP32 occurs at Asp9 and not at Asp28. Mutation ofAsp9 to Ala
inhibited the processing of the -20-kDa band to the '19-kDa
band as observed with the DEVD-CHO inhibitor (Fig. 4B, lanes
5 and 6). Thus, active CPP32 processes itself at Asp9 after
activation to generate a p19 (large subunit) and p12 (small
subunit) (Fig. 4C). This autocatalytic activity is rapid and occurs
immediately after proCPP32 is cleaved at Aspl75. Previously
reported cleavage at Asp28 (24) could be due to a slow autocat-
alytic activity of active CPP32 or an activity of another ASCP. We
observed that purified recombinant CPP32 expressed in bacteria
undergoes slow autoprocessing to the 17-kDa subunit after
prolonged incubation at 37°C (data not shown).

Similarly, in vitro translation of wild-type (Fig. 5A, lane 1) or

Aspl98-mutated proMch3 (Fig. SA, lane 2) generated two

major products; a 35- to 36-kDa product corresponding to the
full-length proMch3 and a 30-kDa internal translation product
most likely starting with Met45. Other translation products
smaller than 30 kDa can also be seen. Like proCPP32, incu-
bation of proMch3 with granzyme B generated the two
subunits of the active Mch3 enzyme (Fig. SA, lane 6). These
subunits can be seen as a -12-kDa band corresponding to the
small C-terminal subunit and two '20- and '18-kDa bands
corresponding to the large N-terminal subunit. The '20-kDa
band is a product of processing at Asp198 between the two
subunits and at Asp23 in the propeptide domain (10). The
18-kDa band is most likely a cleavage product of the smaller

30-kDa internally translated product. No cleavage products
corresponding to the small or large subunits were observed
with the buffer control or the-Aspl98-mutated proMch3 (Fig.
SA, lanes 1, 2, and 4, respectively). Unlike CPP32, there was a

33-kDa cleavage product in the Aspl98-mutated proMch3
(lane 4), possibly resulting from granzyme B cleavage at Asp23
in the propeptide domain of proMch3. Thus, granzyme B
processing of Mch3 could differ from that of CPP32 by
processing proMch3 to active Mch3 both between the large
and small subunits and within the propeptide domain. We have
shown recently that CPP32 can also cleave the propeptide
domain of proMch3 efficiently (10). Thus, activation of CPP32
in vivo by granzyme B could result in further processing of both
CPP32 and its closely related homolog Mch3.
Two truncated proMch4 lacking the N-terminal FADD-like

domains were used to analyze cleavage of proMch4 by granzyme
B. ProMch4-M134 starts with M134 and ProMch4-M235 starts
with M235. In vitro translation of ProMch4-M134 (Fig. SB, lane
4) or Asp372-mutated proMch4-M134 (Fig. SB, laneS) generated
two major products: a 39-kDa product and a 27-kDa internal
translation product. The internally translated product starts with
Met235 and it is identical to truncated ProMch4-M235 (Fig. SB).
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FIG. 5. Cleavage of Mch3 and Mch4 proenzymes by Mch4 and granzyme B. (A) Effect of aspartate mutations on cleavage of proMch3 (A) or
proMch4 (B). 35S-labeled wild-type proMch3 (WT lanes), Aspl98-mutated proMch3 (M lanes), truncated proMch4-M134 (Ti lanes), truncated
proMch4-M235 (T2 lanes), or Asp372-mutated proMch4-M134 (MT lanes) were incubated with recombinant Mch4 (Mch4, + lanes), granzyme
B (GraB, + lanes), or buffer (Mch4 and GraB, - lanes) for 1 hr at 37°C. The reaction products were then analyzed by SDS/PAGE and
autoradiography. SS, the small subunit; LS, the large subunit.

Granzyme B cleaved ProMch4-M235 to generate 15- to 16-kDa
and 12-kDa bands (lane 3). It also cleaved ProMch4-M134 to
generate -27-kDa band and 12-kDa band (lane 8). The 12-kDa
band is the C-terminal small subunit of Mch4. However, because
of the presence of the internally translated 27-kDa protein
together with proMch4-M134, a 15- to 16-kDa band is also
produced after incubation with granzyme B (lane 8). Like CPP32
and Mch3, the Asp372-mutated proMch4-M134 was not cleaved
by granzyme B (lane 6), and there was no cleavage in the buffer
controls (lanes 1 and 4).
These data provide the first direct evidence that granzyme

B activates pro-CPP32, Mch3, and Mch4 by cleavage at the
IETD-S, IQAD-A, and IEAD-A sequences, respectively.
Mch4 Processes CPP32 and Mch3 Proenzymes in Vitro.

Evidence suggests that CPP32 might be a downstream protease
activated by proteases such as ICE and granzyme B. ICE itself
does not appear to be critical for apoptosis execution in several
model systems, and cells undergo apoptosis in most instances
independently of granzyme B. Both proMch4 and proMch5
contain N-terminal FADD-like death effector domains. The
N-terminal death effector domain ofFADD (19) may bind one
of the two FADD-like domains in proMch4 or proMch5 for
activation and recruitment to Fas-apoptotic pathway. Activa-
tion of proMch4 or proMch5 by FADD may lead to activation
of downstream proteases such as CPP32 and Mch3. To test
whether CPP32 and its closely related homolog Mch3 can be
activated by Mch4, purified recombinant Mch4 was incubated
with proCPP32 and proMch3. Mch4 processed proCPP32 and
proMch3 and generated cleavage products identical to those
produced by granzyme B (Fig. 4A, lane 4 and Fig. SA, lane 5).
Mch4 was unable to process the Asp to Ala mutated proCPP32
or proMch3 (Fig. 4A, lane 3 and Fig. 5A, lane 3), demonstrat-
ing that Mch4 and granzyme B use the same sites for cleavage
of CPP32 and Mch3. However, like granzyme B, Mch4 was
able to cleave the propeptide of Mch3 to generate a 33-kDa
band (Fig. SA, lane 3), which was further processed in the
wild-type Mch3 to the '20- and 12-kDa bands, although to a
lesser extent than with granzyme B (lanes 5 and 6). A longer
incubation (>1 hr) resulted in complete conversion of the
33-kDa band to the 20-kDa band (data not shown). Although

Mch4 was able to cleave proMch4-M134, its activity toward its
proenzyme was significantly lower than that toward proCPP32
and proMch3 (Fig. SB, lane 7). In addition, there was no
significant cleavage of proMch4-M134 when incubated with
recombinant CPP32 or Mch3 enzymes (data not shown).
ASCPs such as ICE, TX, and Mch2 were also unable to
efficiently process proMch4-M134 (data not shown). Conse-
quently, Mch4 may be upstream of CPP32 and Mch3 in the
mammalian apoptotic protease cascade.

DISCUSSION
ASCPs have two unique features that distinguish them from other
proteases. They all cleave their substrates after Asp residues and
their activation requires cleavage after Asp residues located in
highly conserved processing sites between their large and small
subunits and in their prodomain. The small subunit is derived
from the C terminus of the proenzyme. The mature large subunit
is then generated by processing of the remaining N-terminal
prodomain. The ability to cleave after Asp residues is only shared
with granzyme B, a serine protease that does not, however,
require cleavage after Asp residues for its activation. These
features suggest that ASCPs could interact with and activate each
other in a protease cascade fashion and could also be substrates
for granzyme B. In addition, because multiple ASCP family
members coexist in one cell type (i.e., Jurkat T-lymphocytes), the
ability of one family member to activate several other family
members and vice versa could generate an amplifiable protease
cascade(s). Different ASCP cascades may operate in different cell
types, because some members of the ASCP family are expressed
in a tissue-specific manner, and there is redundancy within this
family.
We can envision at least three ASCP activation pathways (Fig.

6). One of these pathways involves Mch4 acting upstream of
CPP32, Mch2, and Mch3. Once Mch4 is activated by certain
apoptotic stimuli, it can process and activate the proenzymes of
Mch3 and CPP32, the two ASCPs possibly responsible for poly-
(ADP-ribose) polymerase cleavage in apoptosis (8-10, 24, 25).
Active CPP32 can in turn activate proMch2, the only ASCP that
can cleave lamin (unpublished observations and ref. 26). Presum-
ably, such a pathway would not be affected in ICE-knockout mice.

a
A
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FIG. 6. Potential apoptotic protease pathways involving activation

of multiple ASCP family members. See text for details.

In an alternative ICE or an ICE-like pathway, activation of
ICE or an ICE-like ASCP like TX by an apoptotic stimulus or
an upstream ASCP would result in CPP32, Mch2, and Mch3
activation. This is because TX can activate ICE (11) and ICE
can activate proCPP32 (25). This ICE-like pathway might be
operating in the Fas-apoptotic pathway, because ICE knock-
out or CrmA abrogate this pathway in some cell types (27-29).
Also, during Fas-induced apoptosis, an ICE-like activity pre-
cedes CPP32-like activity (30). Consequently, FADD may bind
the FADD-like domain in proMch4 or proMch5 for activation
and recruitment to Fas-apoptotic pathway. This is because
these domains are capable of both homotypic and heterotypic
interactions (17-19). Once bound to FADD, the proenzymes
may undergo autocatalytic processing to the mature enzymes.
Mature Mch4 or Mch5 could activate proCPP32 directly, or
indirectly by activating proTX. We observed that Mch5 can
process proCPP32 and proTX (data not shown). Mature
CPP32 can in turn activate the lamin-cleaving enzyme Mch2.
The most N-terminal or first domain in proMch4 and proMch5

(Fig. 1) is highly related to FADD and may act as activator of the
proenzymes by binding the second C-terminal FADD-like (in-
teracting) domain. We speculate that these proteases may medi-
ate Fas apoptosis by interacting with FADD. However, because
they have their own N-terminal FADD domain, they may be
involved in other forms of apoptosis. ProMch4 and proMch5
might be repressed under normal conditions by a repressor that
sits on their N-terminal FADD domain. Alterations in cellular
conditions could release the repressor, allowing the N-terminal
domain to interact with the second C-terminal FADD-interacting
domain, leading to their activation and, consequently, activation
of downstream proteases such as CPP32, Mch3, and Mch2.
The granzyme B pathway is another distinct apoptotic protease

pathway used by CTLs to kill their target cells. We demonstrate
that granzyme B not only activates proCPP32, but it can also
activate proMch3 and proMch4 (Figs. 4 and 5) and the newly
identified proMch5 (data not shown). This is not surprising
because the potential cleavage site in proMch5 is highly related
to that of proCPP32 (VETD-S versus IETD-S, respectively).
There is evidence that CTLs use both Fas-ligand/Fas interaction
and the granzyme B pathways to insure killing of their target cells
(31, 32). These multiple pathways must have evolved in higher
eukaryotes to insure elimination of cells during normal develop-
mental or in pathological conditions. Although it now appears
that ASCPs are components of an amplifiable protease cascade,
it is of great interest to determine how proMch4 and proMch5 are

activated in pathways that are independent of granzyme B.
Furthermore, it is important to determine whether FADD can

interact directly with proMch4 and proMch5, and whether this
interaction could lead to their activation.
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